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Chap te r  7
Epi logue
The  kes t re l  r esea rch  p ro j ec t  o f  t he  Depa r tmen r  o f  Zoo logy  (Un i ve r -
s i ty  of  Groningen) a ims to evaluate the evolut ionary benef i ts  endowed on
indiv iduals by the temporal  order in their  behaviour.  In the t radi t ion
of  the Anirnal  Ecology Sect ion of  the department,  founded by the laLe
Pro f .D r . L .T i nbe rgen ,  t he  p ro j ec t  has  t aken  an  emp i r y  -  r a the r  t han
theory-based approach to the problem of  temporal  organizat ion.  With the
maturat ion of  behavioural  ecology as a branch of  sc ience the skeleton of
t heo ry  o f t en  t ends  t o  ou tg ro r ^7  t he  f l esh  o f  emp i r i ca l  da ta .  F requen t l y
the quest ion rhow should an indiv idual  behave?t is  answered and the
ans\ ,7er then compared \^r i th real i ty .  Our approach has been to
quant i tat ively descr ibe the real  s i tuat ion f i rs t  and then ask what the
consequences  o f  a l t e rna t i - ve  s t r a teg ies  wou ld  be . .
Such consequences should eventual ly  be measured in the currency of
r ep roduc t i ve  f i t ness ,  The  re l a t i onsh ip  be tween  behav iou r  and  f i t ness  i s
ra re l y  immed ia te .  The  p resen t  t hes i s  t he re fo re  i nves t i ga l es  t he  da i l y
balance of  energy intake and expendi ture as an intermediate 1ink.  This
choice is  based on the considerat ion that  dai ly  energy balance on the
one  hand  re f l ec t s  sho r t - t e rm  resu l t s  o f  behav iou ra l  dec i s i ons ,  on  t he
o the r  hand  a f f ec t s  su r v i va l  and  hence  rep roduc t i ve  p rospec t s .  The  p ro -
j ec t  ex tends  t he  ea r l i e r  r esea rch  o f  l , I i j nand t s  ( 1984 )  on  t he  noc tu rna l
Long-eared owl to i ts  d iurnal  counterpart  as a vole hunter ,  the European
Kes t re l .  Th i s  i n t e rmed ia te  s i zed  b i r d  comb ines  v i s i b i l i t y  w i t h  an
overseeable home range of  about 400 ha.  A broad background of  knowledge
on  rep roduc t i on  and  popu la t i on  b i o l ogy  was  assemb led  by  Cav6  (1968 ) .  I n
t he  ea r l i e r  s t ages  o f  t he  p ro j ec t  t he  da i l y  o rgan i za t i on  o f  hun t i ng  and
feed ing  we re  ana l yzed  (R l j nsdo rp  e t  a l .  l 98 l )  and  i t s  consequences  f o r
energy expendi ture and reproduct ive perspect ive est imated (Daan &
A s c h o f f  f 9 8 2 ) .
The  p resen t  t hes i s  i s  t he  resu l t  o f  a  j o i n t  en te rp r i se ,  suppo r ted
in part icular  by the part ic ipat ion of  many students,  to f i r rn ly establ ish
the dai ly  energy budget of  the f reel iv ing bi rd throughout i ts  annual
cycle as wel l  as of  rnajor  factors in the environmenE and che anj . rnals
behav iou ra l  and  phys io l og i ca l  r epe r t o i r e  wh i ch  a f f ec t  t he  ene rgy  budge t .
The pr imary concfusions drain 'n f rom th is work can be summarized as
fo l l ows :
We  sEa r ted  by  add ress ing  t he  ques t i on  o f  cons t ra i n t s  on  t he  t ime
spen t  f o rag ing  pe r  day  ( chap te r  7 ) .  The  use  o f  t ime  o f  f r ee l i v i ng
kes t re l s  was  ana l ysed  on  t he  bas i s  o f  417  dawn- to -dusk  obse rva t i ons  o f
f oca l  b i r ds ,  i nc l ud ing  18  i n  wh i ch  ma le  pa ren t s  r r he re  pu t  unde r  i nc rea -
sed  demand  f r om the i r  b rood  by  re rnov ing  p rey  b rough t  t o  t he  nes t .
Kes t re l s  ob ta i ned  t he i r  p rey  ( 922  cou rmon  vo les ,  M i c ro tus  a r va l i s )
pr imar i ly  by f l ight-hunt ing.  On average no more than 3.6 hours per day
r^tas spent in f l ight-hunt ,  by males provis ioning their  broods in summer.
Ne j t he r  i n  w in te r ,  when  f ood  i s  ha rd  t o  come  by  and  hun t i ng  y i e l ds  a re
Iow  (2 .2  sma11  manma ls  pe r  hou r  f l i gh t - hun t ) ,  no r  i n  summer  (ave rage
y i e I d ,  4 . 7 ) ,  w i t h  h i g h  f o o d  d e m a n d s  f r o m  t h e  n e s t ,  w a s  h u n t i n g  t i m e
cons t ra i ned  by  day leng th .  Ana l ys i s  o f  f o rag ing  modes  showed  a  p redom i -
nance  o f  t he  l ow  cos t - l ow  y i e l d  t echn ique  o f  pe rch -hun t i ng  i n  w in te r .
T h i s  i s  i n c o m p a t i b l e  w i t h  S c h o e n e r ' s  ( 1 9 7 1 )  c l a s s i c  p r i n c i p l e s  o t  t i m e
min im i za t i on  and  ene rgy  max im iza t i on  wh i ch  bo th  wou ld  p red i c t  f l i gh t -
h u n t i n g  t o  b e  t h e  p r e f e r r e d  m o d e .  I t  r a t h e r  s u g g e s t s  t h a t  n o n - b r e e d i n g
kes t re l s  m in im i ze  da i l y  ene rgy  expend i t u re ,  as  c i emons t ra ted  ea r l i e r  f o r
non -  b reed ing  sunb i r ds  (Pyke  f 979 ) .  The  b reed ing  s iEua t . i on  i s  cha rac -
t e r i zed  by  sexua l  t ask  d i f f e ren t i a t i on :  f ema les  re f r a i n  f r om fo rag ing ,
ma les  hun t  v i r t ua l l y  on l y  f r ou r  w indhove r i ng  f l i gh t ,  t he  i nc reased  y i e l d
o f  wh i ch  rende rs  add i t i ona l  pe rch -hun t i ng  f u t i l e .
M a l e  p a r e n t s  r e s t r i c t e d  t o t a - I  f l i g h t  t o  4 , 6  h o u r s  p e r  a v e r a g e  d a y .
S ince  expe r imen ta l  f as t i ng  o f  t he  b rood  i nduced  t hen  t o  expand  t he i r
e f f o r t s  f o r  s e v e r a l  d a y s ,  w e  a r g u e  t h a t  i t  i s  n o t  e n e r g y  e x p e n d i t u r e
l t se l f  wh i ch  cons t ra i ned  pa ren ta l  e f f o r t ,  W i t h  f l i gh t  hou rs  i nc reas ing
- , I
beyond  4 .6  pe r  day ,  ene rgy  i n t ake  l eve l s  o f f  a t  430  kJ .day  ^  ( chap te r  2 )
s u g g e s t i n g  t h a t  e n e r g y  j n t a k e  I i m i t s  t h e  n u m b e r  o f  f 1  i g h t  h o u r s
sus ta i ned  w i t hou t  l oss  o f  cond i t i on ,  Ma le  pa ren ta l  f o rag ing  s t r a tegy  i s
t hus  co rnpa t i b l e  w i t h  ene rgy  max im iz i ng  w i t h i n  d i ges t i ve  cons t ra i n t s ,
The  t ime  budge t  ana l ys i s  i n  chap te r  2  p rov i ded  t he  bas i s  f o r  t he
e n e r g y  b u d g e t  d e v e l o p e d  i n  c h a p t e r  6 .  S e v e r a i  m a j o r  f a c t o r s  i n  t h e
ba lance  o f  ene rgy  i n t ake  canno t  be  accu ra te l y  i n f e r red  f r om ava i l ab l e
da ta  on  o the r  spec ies .  We  t he re fo re  devo ted  sepa ra te  chap te r s  t o  t he
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measu remenr  o f  na tu ra l  ene rgy  i n t ake  ( chap te r  3 ) ,  ene rgy  expend i t u re  i n
f l i g h t  ( c h a p t e r  4 ) ,  t h e  c o s t s  o f  m o u l t  a n d  d i g e s t i o n  i n  e x c e s s  o f  b a s a l
r ne tabo l i c  r a te  and  t he rmogenes i s  ( chap te r  5 ) .
Assessmen t  o f  me tabo l i zab le  ene rgy  i n t ake  ( chap te r  3 )  was  based  on
m e a l  f r e q u e n c y  a n d  s i z e  e s t i m a t i o n  ( p r i m a r i l y  f r o m  h a n d l i n g  t i n e s
c a l i b r a t e d  a g a i n s t  m a s s  o f  c a c h e d  p r e y  i t e m s )  i n  a s s o c j a t i o n  w i t h
ass i r n i l a t i on  quo t i en t s  es tab l i shed  i n  l abo ra to r y  t r i a l s .  S i ze  se lec t i on
o f  vo l es  caugh t ,  t r ans fe r red  t o  dependen ts ,  cached  and  ea ten  was  t aken
into account.  Female energy intake peaked dur ing egglaying,  whi le males
go rged  espec ia l l y  du r i ng  pa ren ta l  ca re .  I , J i nce r  i n t ake  ra tes  we re  reduced
in both sexes,  in concordance wi th the v/ inter  energy minirn izat ion
s t ra tegy .  To  mee t  seasona l  peak  ene rgy  demands  t he  kes t re l  appea rs  t o
use  va r i ous  op t i ons :  i nc reased  da i l y  ene rgy  i n t ake ,  accumu la t i on  and
rnob iL i za t i on  o f  body  rese rves ,  and  changes  i n  ene rgy  a l l oca t i on  t o  t he r -
mogenes i s  and  ac t i v i t y .
Ene rgy  expend i t u re  du r i ng  f l i gh t  ( cbap te r  4 )  was  assessed  i ndepen -
den t l y  by  two  t echn iques .  T ra i ned  kes t re l s  we re  f l o r ^m  i ndoo rs  once  pe r
day  ove r  a  d i s t ance  o f  125  m  and  t he i r  f l i gh t  t ime ,  ene rgy  i n t ake  and
o x y g e n  c o n s u m p t i o n  d u r i n g  t h e  n o n - f l i g h t  p o r t i o n  o f  e a c h  2 4  h o u r s  r e -
c o r d e d .  B y  i n f e r e n c e  e n c r g y  e x p e n d i t u r e  d u r i n g  d i r e c t i o n  f l i g h t  w a s
found  t o  be  13 .8  Wa tE .  Doub l y  l abe led  wa te r  l u rnove r  measu remen ts  on
b i r ds  i n  t he  f i e l d  gave  a  va lue  o f  14 .6  Wa t t  f o r  d i r ec t i ona l  t  w ind -
hove r i ng  f l i gh t .  The  c l ose  resemb lance  o f  bo th  va lues  l ed  t o  t he  con -
c l u s j o n  t h a t  o n e  c o s t  f a c t o r  c a n  b e  a p p l i e d  t o  a l l  n o n - s o a r i n g  f l i g h t  o f
b i r d s  i n  t h e  f i e [ d ,  T h i s  f a c t o r  i s  c ] o s e  t o  a  v a l u e  ( 1 5 . I  W a t t )  d e r i v e d
f rom a  new  a l l ome t r i c  equa t i on  deve loped  f o r  av i an  f l i gh t  cos t s  based  on
measu remen ts  o f  ene rgy  expend i t u re ,  body  mass ,  w ing  span  and  w ing  a rea .
Fo r  t he  ana l ys i s  o f  mou l t  cos t s  ( chap te r  5 )  we  es tab l i shed  ene rgy
in take ,  mass  change ,0 r - consump t i on  i n  day t ime  and  a t  n i gh t  i n  yea r -
r ound  t r j . a l s  o f  f as t i ng  and  f ed  t e the red  kes t re l s  i n  t he  l abo ra to r y ,  and
compared  t he  resu l t s  w i t h  mou l t  i n t ens i t y .  Re la t i ng  t he rmoneu t ra l  oxygen
consump t i on  and  me tabo l i zab le  ene rgy  i n t ake  w i t h  mou lE  i n t ens i t y  y i e l ded
cos t  f ac to r s  f o r  f ea the r  syn thes i s  o f  109  and  125  kJ .g  -  d r y  p l umage
respec t i ve l y ,  much  l owe r  t han  t he  f i gu res  o f  39 I  and  372  kJ .g - l
p rev i ous l y  ava i l ab l e  f r om th ree  spec ies  o f  songb i rds .  I nc reased  p l umage
syn thes i s  e f f i c i ency  rnay  be  due  e i t he r  t o  t he  p ro te i n  d i eL  o f  kesE re l s
o r  Eo  t he i r  l a rge r  s i ze  and  reduced  basa l  me tabo l i sm .
In  t he  p rocess  o f  es tab l i sh i ng  mou l t  cos t s  r ^7e  ob ta i ned  t he  cos t
f ac to r s  f o r  basa l  ne tabo l i sm ,  t he rmoregu la t i on  and  hea t  i nc remen t  o f
feeding.  Basal  metabol ic  rate is  127 higher in males than in females of
t he  same  body  mass  and  i s  p ropo r t i ona l  t o  body  rnass  (WI ' 0 )  w i t h i n
indiv iduals,  in contrast  to the wel lknor^rn interspeci f ic  proport ional i ty
. . 0 . 7 3  . . 0 . 6 7t o  W  -  a n d  i n t e r i n d i v i d u a l  p r o p o r t i o n a l i t y  t o  l t - ' - ' .  T h e r r n o r e g u l a t o r y
cos t s  a t  sub the rmoneu t ra l  t e rnpe ra tu res  i nc reased  by  582  du r i ng  mou l t .
The  hea t  i nc remen t  o f  f eed ing ,  assayed  by  compar i son  o f  me tabo l i c  r a tes
fol lowing a neal  and dur ing fast ing,  decl ined l inear ly over 20 hours
a f t e r  t he  mea1 ,  and  accumu la ted  t o  I 6 . 62  o f  t he  me tabo l i zab le  ene rgy
content  of  the mea1. At  1or,7 Eemperatures the heac increment of  feeding
on l y  pa r t i a l l y  subs t l t u t ed  ene rge t i c  cos t s  o f  t he rnogenes i s .
I n  chap te r  6  we  recons t ruc ted  t he  da i l y  ene rgy  budge t  o f  t he
spec ies  by  t h ree  i ndependen t  me thods :  ( 1 ;  TEB)  f r om the  t ime  budge ts  i n
chapter 2,  making use of  energy cost  funct ions der ived in chapter 4 and
5 ,  w i t h  co r rec t i ons  f o r  t he rmogenes i s  based  on  t he  power  d rawn  by  hea ted
taxiderrnic kestre l  mount to wind,  radiat ion and temperature;  (2;  DME)
f ron  me tabo l i zab le  ene rgy  i n t ake  ( chap te r  3 ) ,  co r rec ted  f o r  ene rgy
retained in body mass change; (3;  DLW) f rom doubly labeled wacer turn-
ove r  i n  2B  f r ee l i v i ng  b i r ds .  DLW and  TEB  me thods  we re  s i gn i f i can t l y
co r re l a ted  ( r  =  0 .832 ) ,  a l t hough  TEB  va lues  on  ave rage  ove res t ima ted  DLW
by 72.  In average DEE per month and per sex,  TEB values r^rere l2Z above
the  co r respond ing  es t i na tes  f r om food  i n t ake .  We  a rgue  t ha t  occas iona l l y
mea l s  no t  obse rved  cause  unde resE ima t i on  o f  DEE  by  t he  f ood  i n t ake
method, whi le unknown energy saving mechanisms adopted by bi rds in the
f i e l d  cause  a  s l i gh t  ove resE ima t i on  o f  DEE  by  t he  TEB  rne thod ,
A f t e r  mak ing  g1oba1  co r rec t i ons  f o r  t hese  sma l1  d i sc repanc ies ,  we
ana l ysed  by  compu te r  s imu la t i on  t he  ene rge t i c  consequences  o f  ( 1 )  t he
t im ing  o f  mmou l t  w j . t h  r espec t  co  t he  rep roduc t i ve  cyc l e  and  (2 )  Ehe
phase  re l a t i onsh ip  o f  t he  rep roduc t i on -mou l t - ove rw in te r i ng  cyc l e  t o  t he
annua l  env i r onmen ta l  c yc1e .  We  conc luded  t ha t  mou l t  j u s t  a fEe r
rep roduc t i on  reduces  t he  annua l  ene rgy  t u rnove r  i n  t he  kes t re l  t o  a
rnin imal  amount,  and that  for  rn in imizat ion of  ener ly turnover a 2-monEh
w indow  o f  phase  re l a t i onsh ips  i s  ava i l ab l e ,  w i t h  egg  l ay i ng  s ta r t i ng  i n
; / ;g
-
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la te  Ap r i l  t o  l a t e  June .  The  concen t ra t i on  o f  egg  l ay i ng  i n  l a t e  Ap r i l
sugges t s  o the r  t han  ene rge t j - c  bene f i t s  f o r  t he  pa ren t s ,  bu t  i s
conpa t i b l e  w i t h  a  gene ra l  s t r a tegy  o f  ene rgy  m in im i za t i on .  We  sha11
la te r  ana l yse  t he  f i t ness  bene f i t s  acc rued  t o  t he  nes t l i ngs  f r o rn  ea r l y
b reed ing .  The  p resenc  ana l ys i s  o f  ene rgy  expend i t u re  s t r a teg ies  f u r t he r
opens  new  pe rspec t i ves  f o r  eva lua t i ng  t he  consequences  o f  i n t e r -  and
in t r a - i nd i v i dua l  va r i a t i ons  i n  t im ing  o f  t he  annua l  cyc l e .
